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ABSTRACT

NiAI-AIN + Cr composites were produced by blending cryomilled NiAI powder with - 10 vol % Cr

flakes. In comparison to the as-consolidated matrices, hot isostatically pressed Cr-modified materials did

not demonstrate any significant improvement in toughness. Hot extruded NiAI-A1N+I0.5Cr, however,

possessed a toughness twice that determine for the base NiAI-A1N alloy. Measurement of the 1200 to

1400 K plastic flow properties revealed that the strength of the composites was completely controlled by

the properties of the NiA1-A1N matrices. This behavior could be successfully modeled by the Rule-of-

Mixtures, where load is shed from the weak Cr to the strong matrix.
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INTRODUCTION

As areplacementfor Ni/Co-basedsuperalloysin air breathinggasturbineengines,materialsbasedon the

B2 intermetallicNiA1offer severalsuperiorcharacteristics[ 1-3]. Theseincludeameltingpointonthe

orderof 1900K, adensityof about6 Mg/m3andathermalconductivityashighas100W/mK; such

propertiescompareveryfavorablyto superalloysthatmeltat~ 1600K, weighabout8.5Mg/m3and

possessthermalconductivitiesof 10to 20W/InK. Additionally thehighA1contentin NiA1directlyleads

to theformationof a longlife, protectiveA1203scale;whereasextendeduseof superalloysin ahigh

temperature,oxygenrichatmosphererequiresa protectivecoatingthatis,atleast,partiallycomposedof

NiAI.

As opposedto theaboveadvantages,themechanicalpropertiesof NiA1aredeficientin comparisonto

thoseof superalloys.In particulartheelevatedtemperaturecreepstrengthandroomtemperature

toughnessof binaryNiA1areverylow. Forexample,thestressto produceadeformationrateof 10 -7 S "t at

I300 K is about 15 MPa for polycrystalline [4] and [001] oriented single crystalline [5,6] NiAI as

opposed to 200 MPa for the single crystal Ni-based superalloy NASAIR 100 [7]. Furthermore, the

toughness of polycrystalline and single crystalline NiAI is on the order of 5 to 8 MPa+m which is about a

factor often less than the 55 MPa+m reported for single crystal NASAIR 100 [8].

Over the past ten years a number of different techniques have been identified to strengthen NiA1 for

elevated temperature use. For example Darolia and Walston [9] have demonstrated that small alloying

additions in NiA1 single crystals can dramatically improve the creep strength: i.e. a stress of about 100



MPa is required to produce a deformation rate of 10 -v s_ at 1300 K in [001] oriented NiAi-IHf' crystals

[10]. In addition, mechanical alloying to produce dispersion strengthened NiAI[11-13] and high

intensity milling of NiAI powder in liquid nitrogen {the cryomilling process} [14] have been identified as

methods to hardening NiA! via powder metallurgy processing. As such, the 1300 K - 10v s-I creep

strength for an Y_A15OL2 dispersion strengthened NiAI is about 60 MPa [11,12] while an AIN dispersion

strengthened NiA1 [13] or a cryomilled NiAI [14] can require stresses greater than 100 MPa for the same

deformation conditions.

Although single crystal and polycrystalline technologies have significantly increased the strength of NiAl,

they have not been able to positively affect the toughness [8]. To date only directional solidification (DS)

of NiAl-based eutectic systems [15] has shown promise for simultaneous improvement of both the

elevated temperature creep resistance and room temperature toughness, where proper DS'ing produces a

NiA1 matrix containing very small diameter fibers or very thin lamella that are strong at elevated

temperature and are capable of ductile phase toughening at low temperatures. For example directionally

solidified NiAI-3 ICr-6Mo with < I pm thick (Cr,Mo) lamella possesses combined properties of a 125

MPa creep strength at 1300 K - 10 .7 s 1 and a 20+ MPa+m room temperature toughness [15]. One of the

major difficulties with directional solidification, however, is the limitation to specific compositions which

are dictated by the relevant equilibrium phase diagrams. Even small deviations from the eutectic

composition during directional solidification can lead to dendrites or other coarse microstmctural features

that can adversely affect the mechanical properties.

The strict compositional limitation imposed by the eutectic reaction during directional solidification can be

avoided through use of solid state powder blending techniques to produce puesdo_eutectic mixtures which

lie within the solid state two phase equilibrium regime (for example: binary NiAI powder could be

combined with elemental Cr powder to yield overall compositions of NiAI + 10 to 80 at % Cr [16]).

JAI[ compositions are reported in atomic % unless noted.



While such blends are therrnodynamically stable, this technique has not been successful because it is

extremely difficult to reproduce the fine scale second phase microstructure necessary for high temperature

strength. With the advent of strong powder metallurgy NiA1 materials, however, it should be possible to

eliminate or reduce this size restriction as strengthening can now be supplied by the matrix while the

ductile second phase can provide toughness. This latter concept has been confirmed by blending ODS

NiAI powder with 25 vol. % Mo which yielded fracture toughnesses ranging from 8 to 12 MPa+m

compared to -4 MPa-m for the base ODS NiAI alloy [11,17].

Even though the powder metallurgy concept of mixing a strong matrix with a ductile second phase is

logical, only one recent study which involved measurement of both creep and toughness properties has

been reported in the literature [ 18]. In this work Lane, et al. found that powder metallurgy processed pure

alumina and AI20 s reinforced with 20 vol % Nb exhibited similar power law creep stress exponents at

1473 K, but the deformation resistance of the composite was nearly an order of magnitude less than that

of un-reinforced alumina. On the other hand, the fracture toughness of A120 s + Nb was ~ 14 MPa+m

compared to about 4.5 MPa+m for alumina. Thus the observed composite behavior of a somewhat

degraded creep strength with improved toughness was in agreement with general expectations.

The current study was initiated to measure both the room temperature toughness and elevated plastic flow

properties of powder metallurgy puesdo-eutectic mixtures of Cr with strong cryomilled NiAI. Three pairs

of alloys with and without Cr were prepared by blending melt spun Cr flakes with cryomilled NiA1

powder containing either 7.5 or 12.5 vol % AIN and then densifing by hot isostatic pressing or hot

extrusion. In addition to toughness measurements and 1200 to 1400 K deformation experiments, room

temperature flexural bend strengths and elastic moduli were determined, and the alloys were characterized

by standard metallurgical techniques.



EXPERIMENTAL TECHNIQUES

The cryomilling process as applied to NiA1 has been thoroughly discussed in [14,19]. In summary

cryomilling was undertaken in a Union Process Model 0 I-HD attritor enclosed in a slightly positive

nitrogen pressure environmental chamber. The attritor vessel was filled in air with 500 g of prealloyed

aluminide powder and -2500 g of hardened steel grinding balls, loaded in the attritor and cooled by

flowing of liquid nitrogen through the attritor vessel jacket. Milling was initiated once vessel contents

were sufficiently cooled to submerge them in liquid nitrogen to create a slurry. During operation liquid

nitrogen was constantly passed through the cooling jacket, while intermittent injections of nitrogen were

made into the vessel to maintain a constant slurry level height. Two different AIN levels in NiA1 were

produce by milling prealloyed -325 mesh Ni-33.6 wt.% A1 powder for 6 h or 9 h.

Once cryomilling was completed, the powders were allowed to warm to room temperature under a

nitrogen cover gas and then separated from the grinding media. All subsequent powder handling was then

accomplished in laboratory air. In order to produce sufficient powder for measurement of the matrix and

composite properties, multiple attritor runs were undertaken using the same processing conditions, and the

resultant powders blended together. An approximately 2 kg lot of the lower AIN content powder and a 1

kg lot of the higher AIN content powder were then separately mixed with - 10 vol. % Cr in the form of

small melt spun flakes. Sufficient amounts of the lower A1N content powder and its Cr-modified version

were available for densification by both Hot Isostatic Pressing (HIP) and hot extrusion. The powders were

first vacuum canned in steel and then either HIP'ed at 1495 K -138 MPa - 6 h or hot extruded at 1505 K

with an 8:1 reduction ration. The higher A1N content materials were also vacuum canned in steel;

however they were only consolidated by HIP.



Mechanicalpropertytestspecimenswerepreparedfrom thedensifiedmaterialsbyelectrodischarge

machining(edm)andgrindingtechniques.Samplegeometriesincluded50mmx 6 mm x 3 mmbars for

roomtemperaturebendmeasurements,ASTM standardchevronnotchedfourpoint bendbars(50mmx

6 mmx 3ram) for fiacturetoughnessstudies[20],and 10mm tall by 5 mmdiameterright cylindersl_br

compressiontesting.While sampleorientationwasnotcharacterizedfor theHIP materials,the longaxis

of thespecimenstakenfiom thetwoextrudedrodswasparallelto thehotextrusiondirection.Themajor

surfacesof all samplesweregroundtoremovetherecastedmsurfacedamagedlayer.

Roomtemperaturebendtesting was undertaken under four point conditions utilizing a fixture with a 40

mm span for support and a 20 mm span for loading. Bending of the 3 mm thick specimens took place

under a constant velocity of 0.021 mm/s in a universal testing machine with deformation being monitored

by strain gages bonded to the tensile side of the test bars. The load results were converted into outer fiber

tensile stress values using the standard linear elastic bend equation which were then combined with the

outer fiber tensile strain data from the strain gage to define the stress - strain curve. The elastic modulus

was calculated from the linear portion of each diagram, while the yield stress was defined by the initial

deviation from lineadty and ultimate tensile strength was taken to be the fracture stress. The elastic moduli

were also measured by applying the impulse excitation technique [21] to beam specimens.

Fracture toughness of the alloys at room temperature was measured in four-point bending by using the

Single-Edge-Precracked-Beam technique in accordance with ASTM C1421 [20]. The test specimens

were loaded at a stroke rate of 0.0033 mm/s with 20 and 40 mm inner and outer spans. The specimen

stability was monitored by a strain gage placed on the compressive face of the specimen [22]. Prior to

testing all specimens were heat treated in air for l h at 973 K to delineate the precrack.
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The 1200- 1400K slow plasticdeformationpropertiesin air weredeterminedbycompressingsamples

betweenSiCpushbarsunderconstantvelocityconditionsin anuniversaltestingmachineandunder

constantloadcreepconditionsin leverarmcreepfi'ames.Theautographicallyrecordedload- timecharts

from theuniversaltestmachineoperatingatspeedsrangingfrom2.1x 10.3to 2.1x 10 -6 mm/s were

converted to true compressive stresses, strains, and strain rates via the offset method and the assumptions

that volume is conserved and all plastic deformation occurred in the specimen. Creep deformation under

constant load conditions was determined as a function of time by measuring the relative positions of

ceramic push bars applying the load to the specimen. After normalizing the contraction - time results with

respect to the final specimen length, the data were converted into true stresses and strains by assuming

volume conservation. While most test samples were tested under a single load, a few creep specimens

were subjected to multiple engineering stress conditions.

Light optical metallography and scanning electron microscopy (SEM) techniques were utilized to examine

the microstructure of as consolidated alloys and selected samples after testing. Chemical analysis was

undertaken on the densified materials to determine the matrix composition and volume fraction of second

phases. Concentrations of metallic elements (Ni, AI, Cr, etc.) were determined by an inductively coupled

plasma (ICP) technique, while the amounts of nitrogen and oxygen were measured by an inert gas fusion

method.

RESULTS

Composition

The method of consolidation, AI content of the NiAt matrix as well as the volume fractions of ceramic

phases from cryomilling (AIN and AI_O.0 and the intentional Cr additions are presented in Table l for

each alloy in this study. These values were estimated utilizing the following assumptions:

1. The solubility of N, O and Cr in NiA1 is zero
2. All nitrogen forms AIN with a density of 3.26 Mg/m3;

3. Oxygen forms AI20_ with a density of 3.965 Mg/m3;
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4. Cr hasadensityof 7.19Mg/m_,
5. Thedensity(p) ef NiA1[23] in Mg/m3is givenasa functionof at.% A1(X) by

9 = 1.415 + 0.267X - 0.00358X 2 (1)

Table 1 indicates that (1) all six alloys had matrix AI contents near stoichiometry, (2) two levels of AIN

were produced, and (3) Cr loadings of about 10 vol. % were achieved. The four lower A1N content alloys

L24/L25 and 87/86, which all derived from the same batch of cryomilled powder, possess comparable

chemistries in both the Cr-free versions (L24 and 87) and the Cr-modified forms (L25 and 87).

Additionally, as a result of a longer attritor mn and a slightly higher A1 content in the initial prealloyed

NiAI powder, the matrix A1 level of 91/90 is nearly the same as those of the other four alloys even though

>60 % more A1N was formed.

Microstructure

Typical examples of the unetched microstructures found in the densified Cr-modified alloys are presented

in Figs. 1 and 2. In the case of the extruded bar, the low magnification photomicrographs of the cross

section (Fig. l(a)) and longitudinal section (Fig. l(b)) illustrate the distribution and morphology of the Cr

flakes within the cyromilled NiAI matrix. In particular Fig. l(a) demonstrates that the distribution of Cr is

not uniform and a wide variety of flake-like cross sections exist, while Fig. l(b) shows that the flakes are

strung out in the extrusion direction. At higher magnifications it can be seen that Cr is tightly bonded to the

matrix (Figs 1(c,d)), where the NiAI-AIN matrix possesses a cigar like microstructure that is small in

cross section (Fig. l(c) and elongated along the extrusion axis (Fig. l(d)). Photomicrographs of HIP'ed

materials are presented in Fig. 2, where part (a) again illustrates the wide range of Cr shapes and their

distribution. Fig. 2(b) shows the good Cr to matrix bonding and the core and mantle microstructure of

cryomilled NiAI, where the medium gray circular regions are the AIN-free NiAI cores.

Occasionally ceramic particles were observed in the Cr-modified alloys, as is illustrated in Fig. 2(c) for a

HIP'ed alloy; such particles were also found in the extruded material containing Cr. The large ceramic

second phases were generally not well bonded to the matrix and, at least in this case, promoted cracking in
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thematrix.Also,particularlyin thecaseof theHIP'edalloys,regionsof secondaryprecipitationalong

grainboundariescouldbefoundin thevicinity of theCr flakes(Fig2(d));presumablytheseareCr

precipitateswhichformedduringcoolingafterthe1495K consolidationexposure.

Whilethemicrostructureof theextrudedmaterials(Fig. 1)exhibitedadependenceondirection;

examinationof specimenstaken90° apartdid notrevealanydirectionalityin theH1P'edalloys.

Additionallythemicrostructureof thedensifiedNiAI-AIN matrixalonealloysappearedtobeexactlythe

sameasthematricesinFigs. 1and2 awayfromtheCr flakes;furthermoreneitherceramicparticlesnor

smallCr precipitateswerefoundin theconsolidatedmatrixalloyswithoutCr.

Room Temperature Mechanical Properties

All six alloys were subjected to elastic modulus measurements and 4 point bend testing at room

temperature; three alloys were also successfully tested for toughness to determine if the Cr flake additions

improved this property. These results are given in Table 2. The reported dynamic and bend moduli, as

well as, the bend yield strength and tensile fracture strength values are averages from at least duplicate

measurements except for the base-line high AIN content alloy {91, Table 1}, where only a single

experiment was undertaken. The toughness data are averages from a minimum of triplicate testing.

With one exception the moduli measured by the dynamic technique are 10 to 15 GPa greater than those

estimated by bending (Table 2). Additionally there is no consistency between the measured moduli of the

base alloys and their Cr-modifications with examples of greater than {alloys L24FL25 }, approximately

equal {alloys 87/86 } and less than {alloys 91/90 } being present. In terms of the bend strength properties

(Table 2), the Cr-modified alloys have both lower yields and tensile fracture strengths than their base

compositions. The decrease in fracture strength is particularly dramatic in the HIP'ed materials, where a

factor of three difference exists.
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Fracturetoughnesssamplesweremachinedfromall six materials;howeveronly fouralloyscouldbe

successfullyprecracked.In theothertwocases,theattemptsto precrackresultedincrackswhichwere

unsuitablefor furthertesting.Althoughonly limitedtoughnesstestingwasundertaken,thedatafor all

threeHIP'edmaterials{86,87and90} in Table2 areaboutthesamewhich indicatesthat-10 volume

percentadditionsof Cr flakestocryomilledNiAI doesnotsignificantlyimprovethispropertyafterthis

methodof densification.Ontheotherhand,thetoughnessfor hotextrudedNiAI-6.5AIN+10.5Cr{L25}

showsalmostafactorof two improvementover itsHIP'edcounterpart{86} andis morethantwice the

toughnessdemonstratedby theHIP'edbaseNiA1-7.4AINcomposition{87}. It shouldbenotedthat

scatterobservedduringtoughnesstestingof L25wasmuchlargerthanthatseenin theotherthreealloys,

wherevaluesfor thehotextrudedCr-modifiedalloyrangedfrom 9.3to 13.9MPa+m,henceits greater

standarddeviationin Table2.

Elevated Temperature Plastic Flow Properties

Examples of the plastic stress - strain curves determined under constant velocity conditions are illustrated

in Fig. 3 for the two higher A1N content alloys {91/90, Table I }. These graphs are typical for all six

materials compressed between 1200 and 1400 K, where a small amount of strain hardening was followed

by steady state flow or slight work softening. Additionally the strength of each alloy decreased with

decreasing imposed strain rate, and the strength of the unmodified alloys (Fig. 3(a)) was greater than their

Cr-modified versions (Fig. 3(b)) at each deformation rate.

Typical creep curves for two base-line alloys and their Cr-modified forms {91/90 and L24/L25, Table 1 }

are illustrated in Fig. 4, where each specimen was subjected to several engineering stresses at 1300 K.

Irrespective of the material or temperature, normal creep curves were developed for each set of test

conditions. Also, as is shown for the HIP'ed higher AIN (Fig. 4(a)) and hot extruded lower AlN content
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(Fig.4(b))materials,creeptestingagainrevealedthattheCr-modified

their unmodifiedbasecompositions.

alloyswerelesscreepresistantthan

Truecompressiveflow stress- strainrate- temperatureresultsforall six alloysarepresentedin Fig. 5. In

this figuretheflow stressesevaluatedfi'omconstantvelocitytesting{opensymbols}arerepresentedby

thestressat 3 %strainfrom thestress- straincurves(Fig.3), whiletheflow stressesfrom creeptesting

{solidsymbols}aretheaveragestressescalculatedovereachsteadystateregimes(Fig.4). Onlyconstant

velocitytestingwasundertakenfor theHIP'ed lowerAIN contentalloys(Figs.5(a,b));howeverbothtest

methodswereusedfor thehotextrudedlowerAIN (Fig. 5(c,d))andHIP'edhigherAIN contentmaterials

(Figs.5(e,f)). This lattergroupof flow stress- strainrate- temperaturedata(Figs.5(c-f)) indicatethat

bothconstantvelocityandcreeptestingyieldedconsistentresults.

Althoughatemperaturecompensatedpowerlaw coulddescribesomeof thetimedependentplasticflow

datashownin Fig. 5, it wasfoundthatall theflow stress(6) - strainrate(_) - temperature(T) results

couldberepresentedby atemperaturecompensatedexponentialequation

_= A exp(O3)exp(-Q/(RT)), (2)

whereA is aconstant,C is thestressconstant,Q is theactivationenergyfor deformationandR is the

universalgasconstant.Eachsetof datawerefitted to eqn(2)by linearregressiontechniques,andthe

resultantvaluesfor A, C, Qandthestandarddeviationsfor thestressconstant(5c)andactivationenergy

(,_Q)aswellasthecoefficientsof determination(Rd")aregive inTable3(a). Additionallytheresultsof the

regressionanalysesareportrayedbythecurvesin Fig. 5.Basedonvisualinspectionandthecoefficients

of determination(Table3(a)),eqn(2)describestheexperimentaldatafor eachmaterialwell. Additionally,

comparisonof C andQ for eachbasealloyandits Cr-modification{87186,L24/L25and91/90,

respectively,Table3} indicatesthatthesedeformationparametershaveessentiallythesamevaluesfor

eachpair.Whilethestressconstantfor theHIP'ed lowerA1Ncontentalloys{87186,Table3(a)} is about
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33 % greater than those measured for either the hot extruded lower AIN content or HIP'ed higher AIN

content materials {L24/L25 and 91/90, respectively, Table 3(a)}, the activation energy for deformation for

all six materials appears to be about -500 kJ/mol.

DISCUSSION

As-consolidated materials

With one exception the microstructure of the Cr-free and Cr-containing alloys fulfilled expectations: in

particular {1 } the appearance of the cryomilled matrix microstructure (Figs. l(c,d) and 2(b)) was in

agreement with previous studies of extruded and HIP cryomilled NiAI [ 14]; {2} the powder

blending/densification techniques in combination with a low volume fraction of relatively large, flake-like

particles did not produce a particularly uniform distribution of Cr in the matrix (Figs. 1(a,b) and 2(a));

{3}an apparent good metallurgical bond between the matrix and Cr flakes (Figs. 1(c,d) and 2(b,d)) was

established; and {4} small precipitates, probably Cr, were found in the vicinity of Cr flakes (Fig. 2(d)).

The excellent contact between Cr and NiA1 is a direct consequence of the eutectic formed between NiA1

and Cr [16,24], and this result agrees with the strong metallurgical bond found between ODS NiA1 and

Mo [11]. The belief that the small precipitates near Cr flakes are, indeed, chromium is due to the high Cr

solubility in NiAI at the consolidation temperature (approaching 10 % at 1500 K) which decreases rapidly

on cooling [16,25].

The unexpected microstructural feature was the occasional large ceramic particle in the Cr-modified alloys

(Fig. 2(c)), where such chunks are probably pieces of the crucible from the melt spinning step to produce

Cr flakes. While the large particles would have very little effect on elevated temperature compressive

strength behavior, they are likely to be the source of premature failure at low temperatures, particularly if

they induce cracking in the matrix as demonstrated in Fig. 2(c).
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Because of the inability to precisely determine the A! content of NiA1 closer than about + 0.5 at % [26],

the A1 level is probably identical in the two unmodified {87 and L24, Table 1} versions of the low AIN

content alloys. Likewise, the composition of NiAI matrix must be essentially the same in the two Cr-

modified low A1N content alloys {86 and L25, Table l }. With the addition of about 10 volume % Cr to

the matrix, the overall AIN and AI._Oj contents in the three Cr- modified alloys should decrease

approximately 10 % compared to the matrices alone. Clearly the AIN results in Table 1 are in agreement

with this contention; while the alumina levels are not, possibly due to their low initial values in the as-

cryomilled powders and some oxygen contamination from the Cr.

Room Temperature Behavior

Sufficient information exists in Table 1 and the literature to allow Rule of Mixture estimations of the

elastic moduli of the HIP'ed alloys. Since the modulus of NiAI is not very sensitive to composition [3], a

Young's modulus of- 188 GPa, which was measured at room temperature on prealloyed Ni-50.6AI

powders consolidated by hot pressing [3], is an appropriate value for all the HIP matrices. Combination

of this value in the Rule-of-Mixtures along with elastic moduli of 308 GPa for AIN [27] and 253 GPa for

Cr [28] and the appropriate volume fraction data (Table 1) yields the predicted moduli in Table 1. These

Rule-of-Mixtures predictions are in good agreement with those determined by the dynamic method and,

thus, higher then those determined by bend testing.

Similar Rule-of-Mixtures calculations could have been undertaken for the two hot extruded alloys

{L24/L25 }; however previous work [3] has shown that the modulus of hot extruded NiA1 powder is

much higher than HIP'ed powder due to a preferred crystallographic orientation: for example the modulus

of hot extruded Ni-50.6AI is - 243 GPa [3]. Neither the dynamic nor bend elastic moduli results for

L24/L25 (Table 2) support the idea that the extruded alloys were oriented parallel to a high modulus

direction; if anything, based on the data in Table 2, the preferred orientation of L24FL25 would have to be

along an elastically compliant direction. Recently, Wolfenden, et al [29] have measured the room
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temperaturedynamicYoung'smoduli of cryomilled,HIP'edNiA1-5vol % A1N andcryomilled,hot

extrudedNiAI-10vol % AIN andobtainedvaluesof 292and266GParespectively.Theseresultsare

muchgreaterthanthoseobtainedin thecurrentstudy(Table2), andtheyaremuchgreaterthananyRule-

of-Mixturepredictionbasedonvaluesfor NiA1andA1N.

Theroomtemperaturetensilepropertiesof theunmodifiedandCr-modifiedcyromilledNiA1alloys(Table

2) estimatedbybendtestingindicatethatthesematerialsarelackingin low temperaturestrength.Even

thestrongestof theunmodifiedalloys {87} hadayield strengthwhich is afactorof ~7lowerthanthat

determinedin NiAI-8.4 vol %A1Nbycompression[30]. Comparedto thebasecompositions,all three

Cr-modifiedalloyssuffereda lossof yield strengthandadramaticdecreasein theestimatedtensile

fracturestrengths.Partof thisdegradationcouldbedueto ceramicparticlesaccompanyingtheCr-flake

additions(Fig.2(c))or theCrflakes,themselves,actingasacrack.If the latterweretrue,onecouldexpect

adifferencein tensiIestrengthasthesizeof Crwaschanged.Sinceextrusionrefinestheflakethickness

comparedto HIP, thefracturestressof theextrudedmaterialshouldexceedthatmeasuredfor theHIP

versionwhichagreeswith theresultsdeterminedfor alloysL25 and86 in Table2.

Previousmeasurementsindicatedthattheroomtemperaturetoughnessesof NiA1andHIP'edor extruded

cryomilledNiAI containingfrom 5 to 30vol %AIN rangedfrom 5 to 6 MPaqm[30]. As the4.6

MPa",]mtoughnessmeasuredfor theunmodifiedalloy 87 (Table2) is in essentialagreementwith this

work, theresultsobtainedfor theCr-modifiedalloysshouldalsobevalid. While thetoughnessvaluesfor

thetwoHIP'edalloysarenotsignificantlygreaterthanthatmeasuredfor theunmodifiedNiA1-A1N,the

datafor hotextrudedNiA1-6.4AIN+10.5Cr{L25} stronglysuggestthatmeaningfulsecondphase

tougheningispossibleevenwitha relativelylow volumefractionof Cr. Theincreasedtoughnessof hot

extrudedalloyL25 in comparisonto theHIPalloysmustbedueto achangein themicrostructure,where

extrusionelongatestheCr flakesthusmakingthepresentcompositemorelike adirectionallysolidified

NiA1-Creutectic.Furthermore,basedona20MPax/mtoughnessfor directionallysolidifiedNiA1-Cr
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containing-34 vol % of submicron thick Cr fibers/lamella [31 ], additional improvement in the toughness

of hot extruded NiAI-A1N+Cr should be possible by increasing the Cr content.

Although the combination of Cr and hot extrusion did result in a significant improvement in room

temperature toughness (Table 2), the scatter in the measured values is bothersome. Hence further testing

of L25 is needed and has been planned.

Creep Properties

The nearly alike stress constants and activation energies for deformation for each pair of base and Cr-

modified alloys in Table 3(a) strongly suggest that elevated temperature plastic flow properties could be

described a single temperature dependent exponential equation with different A coefficients for each

material. The results of such linear regression analyses are presented as solid (base alloy) and dashed lines

(Cr-modified alloy) in Fig. 6 with the appropriate parameters and statistical characteristics being given in

Table 3(b). Comparison of Figs. 5 and 6 and the regression coefficients in Table 3 indicate that

deformation for each set of base/Cr-modified alloys can be described with a unique stress constant and

activation energy.

The ability to use eqn (2) with the simplified parameters in Table 3(b) to describe the elevated temperature

plastic flow properties of cryomilled NiAI with and without Cr allows several comparisons to be easily

made. For example a strength difference between hot extruded (L24) and HIP'ed (87) forms of NiAI-

7.4A1N can be directly visualized from the mathematical descriptions given in Table 3(b), where both have

similar A values {1.88 x 10 9 and 1.45 x 109} and activation energies {-481.4 and-474.7} but different

C's {0.0805 versus 0.0605}. The lower C parameter for hot extruded NiA1-7.4AIN compared to the

HIP'ed version indicates that the hot extruded alloy would creep at a slower rate for any given

combination of stress and temperature; thus the hot extruded L24 is stronger. Furthermore, exactly the
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sameargumentcanbemadefor thehotextruded(L25) andHIP'ed(86)NiAI-6.5AIN+I0.3Cr mater/als.

By visuallycontrastingthedatain Figs.5(a)and5(c) for theHIP'edandhotextrudedversionsof NiAI-

7.4AlN andtheresultsin5(b)and5(d)for theHIP'edandhotextrudedversionsof NiAI-

6.5A1N+I0.3Cr,thestrengthdifferencescan be somewhat quantified, where the hot extruded versions are

10 to 30 % stronger that the HIP'ed materials.

The simplified parameters in Table 3(b) can be also used to quantify the difference in strength between

each base NiA1-A1N alloy and its Cr-modified form. For any strain rate

_/= AB_,.,eexp(CoB,,_e)exp(-Q/(RT)) = Acomp exp(Ccrcomp)exp(-Q/(RT)), (3)

where Abase , Aeon,p and cja,,_, Gco,, r are the creep deformation constants and stresses for the base alloy and

its Cr-modified form. This equation can then be rearranged and reduced, as C and Q are identical for both

forms, to give the strength difference which is independent of the strain rate or temperature,

cYB_ - _Co,,,_= ln(A_,JAcon,yC (4)

Thus the strength difference between HIP'ed NiA1-7.4A1N {alloy 87 } and NiA1-6.5A1N+ 10.2Cr {alloy

86} is estimated to be 15.2 MPa, between hot extruded L24 (NiA1-7.3A1N) and L25 (NiA1-

6.5A1N+I0.5Cr) it should be 29.8 MPa, while a 39.2 MPa difference would be found between HIP'ed

NiAI- 12.4A1N {alloy 91 } and NiAI- 11.4AIN+ 11.1Cr {alloy 90 }. These constant differences between

each pair of alloys can be readily seen in Fig. 6.

Because eqn (2) with the simplified parameters in Table 3(b) can describe deformation in each base alloy

and its Cr-modification, plastic flow in the Cr-bearing materials is almost entirely dictated by the NiAI-

A1N matrices. Hence the current -10 vol % Cr additions have little effect on the controlling creep

mechanism(s). The relative weakness of pure Cr at elevated temperature can be seen in Fig. 7 which

illustrates its expected strength between 1200 and 1400 K (dashed lines). These predictions are based on a
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temperaturecompensatedpowerlaw fit of StephensandKloop'screepdata[32] for 230 and 90 pm grain

size polycrystalline Cr tested at 1089, 1255 and 1422 K, where

i= 25.5 _544exp(-353.1/(RT)), (5)

with Rd2 = 0.912 and the standard deviations of the stress exponent and activation energy being 0.28 and

19.6 kJ/mol, respectively. Contrasting the predicted behavior of pure Cr (Fig.7) to that of the base NiA1-

A1N alloys (Figs 5(a,c,e)) strongly implies that Cr additions would impair elevated temperature strength:

for example a stress of -10 MPa should produce a creep rate of 10 .7 S "t in Cr at 1300 K while stresses

ranging from 70 to 100 MPa would be required for the current three NiAI-A1N materials.

Since both the NiAI-AIN matrix and Cr flakes can plastically deform between 1200 and 1400 K, the most

logical deformation model is a constant strain rate approach, where the applied load is redistributed

between each phase until both creep at the same rate. Thus the strength of the composite _c at a constant

strain rate is given by a Rule of Mixtures, or

I_ C --" _'MVM q" O'crVcr (6)

where o M& Ccr are the stresses required to produce the same constant strain rate in the NiAI-A1N matrix

& pure Cr and V M & Vcr are the volume fractions of matrix and Cr. By rearrangement of the terms in

eqn (6) and use of the relationship that V M+ VCr = I, the stress on the NiAI-AIN portion of each

composite is

(3"u = (0" c - (YcrVcr)/(l-Vcr). (7)

Eqn (7) can then be evaluated for every set of composite strength and strain rate data, where eqn (5) and

the composite strain rate values are used to determine the appropriate 6o'S for use in each calculation along

with the volume fraction of Cr reported in Table 1.
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Useof eqns(5and7) to predict the stress on the NiAI-A1N matrix for alloy 90 (Ni-49.5Ai-

11.4AIN+I l.lCr) is illustrated in Table 4. Because of the relative weakness of Cr, the redistribution of

load increases the stress on the NiA1-A1N matrix over that experienced by the composite as a whole. If

these cy_ values are realistic, they then should predict the same creep rate in the unmodified matrix (alloy

91) as was measured in the Cr-containing composite. The predicted creep rates due to the Rule-of-

Mixtures _M values are also given in Table 4 and illustrated as a function of the measured composite creep

rates in Fig. 8, where there appears to be a one-to-one correspondence between prediction and

measurement over 5 orders of magnitude in strain rate and three distinct test temperatures. This goodness

of fit was confirmed by linear regression analysis, where the regression line in Fig. 8. has a slope of 1.00

with a coefficient of deviation of 0.982. Repetition of the analysis for the other two pairs of alloys (87/86

and L24/L25) yielded similar results, where the regression fits between creep rate due to the Rule-of-

Mixtures _M values as a function of the measured composite creep rate gave slopes of 1.03 (Rd 2 = 0.992)

for 87/86 and 0.93 (Rj "_= 0.949) for L24/L25.

In summary, the creep behavior in the present NiA1-AIN +Cr composites can be understood through the

simple Rule-of-Mixtures model, where load is shed from the weak phase to the strong phase in order to

maintain an equal strain rate in each constituent. Due to the weakness of Cr in comparison to the NiA1-

A1N matrix and the relatively low volume fraction of Cr, deformation is completely dominated by the

strong matrix. Since the properties of our composites can be completely traced to those of the unmodified

NiAZ-A1N matrices, this implies that Cr is an ineffective solid solution/precipitation strengthening agent

between 1200 and 1400 K.

The inability of the Cr flakes to provide some increase in creep strength was not expected as prior work on

directionally solidified NiA1-Cr eutectics had demonstrated significant improvements: for example

directionally solidified NiA1-34Cr requires a stress of ~ 100 MPa to produce a strain rate of 10 .7 sL at

1300 K while a [100] NiA1 single crystal would require a stress of 10 MPa [31]. While directionally

G
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solidifiedNiAI-34Crdoescontainaboutthreeanda halftimesmoreCr thanthecurrentcomposites,an

increasedamountof aweakcomponentwouldnotstrengthen.SincebothNiA1 [4] andCr [32] areweak,

webelievethatstrengthof directionallysolidifiedNiA1-34Crmustderivefrom thereduceddimensions(<

1lain)of thefibers/lamellawhich limit thesizeof subgrainsformedduringdeformation.Subgrainsare

formedduringcreepof bothCr [32] andNiAI [4] andstrengthis inverselydependenton thesubgrainsize

[33]; thereforethin Crand/orNiAI fibers/lamellashouldbestrong.

Basedon thecurrentfindings,it shouldbepossibleto designa hotextrudedcryomilledNiAI + Cr

compositewithoptimizedcreepandtoughnessproperties.With elevatedtemperaturestrengthof

cryomilledNiA1beingproportionalto thesquarerootof theA1Ncontent[30], improvementsin creep

resistancecanbemadethroughtheuseof higherA1Ncontentmatrices.Ontheotherhandsignificant

increasesin theroomtemperaturefracturetoughnesswill probablyrequiremorethanthepresent10vol %

Cr whichwould,of course,tendtoreducetheelevatedtemperaturestrengthby reducingthematrix

volumefraction. Theunknownfactoris theroleof hotextrusiononbehavior.While densificationby hot

extrusionis necessaryto improvethetoughnessoverthatof thematrix,theinfluenceof extrusion

temperatureand/orreductionratioon thepropertiesof cryomilledNiA1+ Cr arenotknown. Oncethe

effectsof extrusionparameterson toughnesshavebeendetermined,it shouldbepossibleto developan

alloycomposition(A1NandCr content)andextrusionparametersfor optimiummechanicalproperties

SUMMARY OF RESULTS

Cryomilled NiA1 powder containing two levels of AIN has been blended with Cr flakes in an effort to

improve the room temperature toughness without severely affecting the elevated temperature strength.

Although, little improvement in toughness was measured in NiA1-A1N+10 vol % Cr composites which

were consolidated by hot isostatic pressing, the toughness of hot extruded NiA1-6.5AIN + 10.5Cr was

more than twice that determined for the base NiAI-AIN alloy. The elevated temperature plastic flow
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propertiesof theCr-modifiedcompositeswerecompletelycontrolledbytheNiAI-AIN matrices.This

behaviorcouldbesuccessfullydescribedwith aRule-of-Mixturesmodel,whereloadwasshedfrom the

weakCr to thestrongmatrix.
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Table 1. Consolidation Techniques and Compositions of Cryomilled NiAI-based Materials

Identification Matrix Composition _ Second Phase Content,
At. % Vol. %

Densification Procedure

A1 A1N Cr A1203

87 50.3 7.4 0 1,3

86 50. 6.5 10.2 1,3

HIP@ 1495 K-138MPa-6 h

HIP @ 1495 K-138MPa-6 h

L24 51 7.3 0 1,1

L25 51.1 6.5 10.5 0.9

Hot Extruded @ 1505 K - 8:1

Hot Extruded @ 1505 K - 8:1

91 49.8 12.4 0 1.1

90 49.5 11.4 11.1 1.2

HIP@ 1495 K-138MPa-6 h

HIP@ 1495 K-138MPa-6 h

Small amounts (<0.1 wt. %) of C, Cu, Fe, Mo, and Si were also generally found.

Table 2. Room Temperature Mechanical properties of Cryomilled NiAl-based Materials

Identification Elastic Modulus, Gpa Yield Fracture Toughness,
Dynamic Bend Predicted _ Strength, Strength, Average Stan. Dev.

MPa MPa MPa_/m

87 202 188 197 344 666 4.6 0.4

86 205 187 202 162 184 6.2 0.7

L24 193 179 232 529
L25 176 175 193 389 11.2 2.3

91 203 186 204 227 617
90 210 199 209 147 193 7.7 0.7

' Prediction based on Rule of Mixtures
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Table3. Temperaturecompensatedexponentiallaw descriptions of the flow stress -

strain rate - temperature behavior for cryomilled NiAI-based alloys

Identification

87

86

L24

L25

A, C 8c Q, 8_, R2a

s l kJ/mol

(a) Individual Fits

5.34 x 109 0.0792 0.0027 -490.5 19.4 0.995

3.73 x 109 0.0801 0.0022 -476.3 16.9 0.994

5.26 x 108 0.0573 0.0028 -457.9 41.7 0.973

7.01 x 10 I° 0.0638 0.0035 -502.3 48.4 0.955

91

90
1.21 x I0 j2 0.0569 0.0024 -543.4 32.3 0.973

4.88 x 10 l_ 0.0605 0.0024 -515.0 30.3 0.985

87

86

L24

L25

91

90

(b) Combined Fits

1.88 x 109 0.0805 0.0017 -481.4 12.5 0.994
6.40 x 109

1.45 x 109 0.0605 0.0023 -474.7 33.1 0.959
8.79 x 10 9

3.36 x 10 tl 0.0581 0.0018 -531.8 23.7 0.975
3.28 x 10 J2
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Table 4. Rule of Mixture calculation of the stress on the NiAI-A1N matrix in a Ni-49.5Ai-

11.4AIN +11. ICr composite and the predicted deformation rate in the unmodified

base Ni-49.8A1-12.4AIN alloy.

Composite Test Parameters

Temp, Stress, Strain

K MPa Rate, s_

Stress on Stress on Predicted Strain

Pure Cr in Matrix in Rate in Unmodified

Composite Composite Matrix _

(oct), (oM), (_9,),
MPa MPa s-_

1200 269 3.27 x 10 .4 84.6 292 1.09 x 10.4

1200 223.1 2.32 x 10 .5 52 244.5 7.29 X 10 .6

1200 187.9 1.79 x 10 .6 32.5 207.3 8.80 x 10 .7

1200 159.3 1.66 x 10 .7 21 176.6 1.53 x 107

1300 210.1 2.17 x 10 .4 47.5 230.4 2.02 x 10 .4

1300 176.9 2.22 x 10.5 31.3 195.1 2.70 x 105

1300 121.5 1.95 X 10 .6 20. 134.2 8.44 X 10 7

1300 81.2 1.84 X 10 -7 13. 89.7 6.73 x 10.8

1300 71.4 5.78 x 10.8 10.5 79. 3.66 x 10.8

1300 49.6 1.60 x 10.8 8.3 54.8 9.21 X 10 -9

1400 144.3 1.85 x 10.4 30. 158.6 1.16 X 10 -4

1400 109 2.19 x 10 .5 20.3 120.1 1.29 x 10.5

1400 49.3 1.03 X 10 .6 11.6 54. 3.01 X 10.7

I From Table 3(a), where _9_ = 1.21 x 1012 exp(0.0596oM)exp(-543.4/RT)
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FIGURE CAPTIONS

1, Unetched light optical photomicrographs of as-extruded Ni-51. IAI + 6.5AIN + 10.5 vol. % Cr {Alloy

L25, Table 1 }. (a,c) are transverse sections and (b,d) are longitudinal sections

2. Unetched light optical photomicrographs of HIP'ed Cr-modified cryomilled NiAI. (a,b) Ni-49.5AI +

11.4AIN + 11.1 vol. % Cr {Alloy 90, Table 1} and (c,d) Ni-50.AI + 6.5AIN + 10.2 vol. % Cr {Alloy 86,

Table 1}.

3. True 1300 K compressive stress - strain curves for HIP'ed (a) Ni-49.8Al+I2.4AIN and (b) Ni-49.5AI
+ 11.4A1N + 11.1 vol. % Cr as a function of nominal strain rate

4. True 1300 K compressive creep curves for cryomilled NiA1 with and without Cr additions as a function

of engineering stress. (a) HIP'ed NiAI + ~I2AIN and (b) hot extruded NiAI + -7A1N.

5. True compressive flow stress - strain rate - temperature behavior of (a) HIP'ed Ni-51AI+7.3A1N, (b)

H/P'ed Ni-51. IAI+6.5AIN+I 0.5Cr, (c) hot extruded Ni-50.3AI+7.4A1N, (d) hot extruded Ni-

50AI+6.5A1N+10.2Cr, (e) HIP'ed Ni-49.8AI+12.4AIN, and (f) HIP'ed Ni-49.5Al+l 1.4A1N+I 1.1Cr.

Open symbols represent results from constant velocity testing; filled symbols represent results from

constant load creep testing.

6. Combined true compressive flow stress - strain rate - temperature behavior for each pair of base and

Cr-modified alloys. (a) Alloys 87 and 86, (b) Alloys L24 and L25 and (c) Alloys 91 and 90. Solid lines

and symbols describe the base alloys, while the dashed lines and open symbols describe the Cr-modified

alloys.

7. Predicted creep properties of Cr as estimated from elevated temperature testing of 230 and 90 _m grain

sized polycrystalline, high purity Cr [32].

8. Rule-of-Mixtures predicted creep rate for the cryomilled NiA1 matrix in alloy 90 {alloy 91 } as a

function of the experimentally measured creep rate for the composite {alloy 90}.
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